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AN INVESTIGATION OF DIAMOND SYNTHESIS IN AN OXYGEN-ACETYLENE
DIFFUSION FLAME

M. A. CAPPELLI
High Temperature Gasdynamics Laboratory, Stanford University, Stanford, CA 94305

ABSTRACT

Diamond synthesis is demonstrated in an oxygen-acetylene diffusion flame. The
acetylene flame is diluted with argon to suppress sooting tendencies and is sustained and
stabilized by overventilation with a surrounding oxygen flow. The result is a relatively cold
flame, and the carbon film is deposited on a free-standing silicon wafer without the need
for substrate cooling. Deposition patterns observed so far are nonuniform, with diamond
deposited within a small annular ring surrounding a predominantly amorphous carbon film.
Particle growth rates observed are in the range of 20-50 gim/hour, and deposit patterns are
qualitatively similar to those observed in premixed oxygen-acetylene flames, however,
unlike in premixed flame deposition, the temperature distribution appears to be much more
nonuniform, with heat generated primarily at the diffusion flame boundary.

INTRODUCTION

Diamond film synthesis at low pressures in plasma activated environments is now
common practise [1,3]. At pressures below 100 torr, growth rates of approximately
1 pn/hour are routinely achieved. Growth rates well in excess of 100 Im/hour have been
demonstrated over limited areas (- 1 cm2) [4,5], and over relatively large areas (10-20 cm2)
[6] in atmospheric pressure discharges.

Recently, there has been an increase in activity in the use of combustion environments
for diamond chemical vapor deposition [7-11]. This approach is particularly appealing, in
that the reactive growth species are produced by the self-sustained combustion process, and
that the results obtained so far are best at atmospheric pressures, employing a conventional
welding or cutting torch operating with a slightly fuel rich mixture of oxygen and acetylene
[10]. Growth rates of 100-150 gim/hour have been reported [7], in some cases, of well
faceted crystals that are nearly optically transparent [12]. The deposit morphologies and
growth rates observed display a spatial pattern that is nonuniform [13], reflecting the strong
radial gradients associated with the oxygen-acetylene flame in stagnation flow. For flow
rates of approximately 2 !/min and substrate to nozzle separations D - 0.3 - 1 cm, it is
often observed [10,13] that diamond is deposited in annular rings, with little or no carbon
deposited on the substrate in the central region near the flame axis. This result has been
attributed to the inherent structure of a fuel rich premixed flame (free burning) in an
oxygen environment [9,10]. In essence, the secondary flame zone represents a diffusion
flame, with unreacted fuel (diluted with products of the primary flame reaction) burning
with oxygen diffusing from the surrounding room air.

That the diffusion flame region of a fuel rich premixed flame can represent an
alternative source of radicals likely to participate in diamond growth suggests the direct use
of a diffusion-type burner for further investigation. Such an approach has its advantages in
that it can be designed to significantly reduce the overall heat flux to the substrate in
comparison to piemixed flame deposition. The difficulty in overcoming the excess heat
flux (- 2kW/cm) in premixed flame deposition has been discussed previously [10,11].
Also, a diffusion flame is safer to operate with hydrogen as an additive to the hydrocarbon-
based fuel.
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In this paper, we report on the use of a single-nozzle diffusion flame for diamond
synthesis. Our preliminary results are consistent with the observations of annular ring type
deposit structures observed in premixed flame deposition. These results are used to further
interpret the results of Oakes et al [13], particularly, the effects of hydrogen addition to
premixed oxygen-acetylene flames on the resulting deposit structure.

BACKGROUND

In order to help us understand the chemical nature of the post primary flame zone in
premixed oxygen-acetylene flames (often referred to as the acetylene feather), we have
constructed a one-dimensional flame kinetics model. This model is used to describe the
time evolution of the chemistry within a volume element of fluid traveling along a
streamline from the torch nozzle. We use it here, to provide insight as to the composition
of the post primary flame as we approach the diffusion (secondary) flame boundary, at
which remaining fuel (C2H) reacts with oxygen diffusing in from the surrounding
atmosphere. The model solves the coupled energy and species conservation equations for a
prescribed temperature-time history and is simplified by neglecting diffusive transport. We
employ an elementary reaction set that has been used to describe the chemistry in methane-
air flames [14]. The volumetric reaction rates are calculated using the subroutine package
CHEMKIN [15]. We assume that the temperature rises from 800K at the flame nozzle exit
to approximately 3300K (the adiabatic flame temperature of CO and 02 mixtures) in 1
ms. For O,/C 2H2 flow ratios R, in the range of 0.8-1.0, much of the acetylene and
essentially all of the oxygen are consumed within 0.2 ms, this representing the action of the
primary flame (Figure 1). The acetylene feather is interpreted as the region following the
primary flame, rich in C2HI species. At a time t = 0.8 ms (a distance of approximately four
times the length of the primary cone away from the primary cone tip) the values of the
mole fractions computed for the stable species CO, H2 and C2H2 are 0.55, 0.2 and 0.07
respectively. These are somewhat consistent (within a factor of two) with the mass
sampling measurements of Matsui et al [16] at comparable distances from the primary
flame tip, within the acetylene feather (see also Figure 1).

The relatively small amount of acetylene in comparison to the CO, H20 and H2 in the
post primary flame zone represents a hydrocarbon fuel dilution of approximately 1:10. Our
calculations suggests that if we wish to simulate to some extent the secondary flame present
in the premixed oxygen-acetylene flame, one obvious approach is to ignite a mixture of
CO, H20, H2 and C2H2 in the proportions computed, in a conventional diffusion flame, with
this diluted fuel mixture burning with entrained oxygen. Recognizing that CO and H20 are
relatively inert at the temperatures of interest (2000-3000K), in the experiments described
below, we have substituted argon for all species other than acetylene. I-Acess ion For
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Figure 1. Results of one dimensional kinetic model for R = 1.1. The curves
show the variation in the CO, C2H2, and H2 species mole fraction
with time. Experimental values (Ref. 16) are shown for comparison.
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RESULTS

The diffusion flame facility consisted primarily of a standard brazing torch fitted with a
number one tip, similar to that employed for studies of premixed oxygen-acetylene flame
deposition [10]. The primary difference of course, is that only acetylene and argon
mixtures pass through the torch nozzle, with oxygen provided as a co-flow as illustrated in
Figure 2. Volumetric flow rates were monitored with calibrated rotometers. The total gas
flow rate was approximately 1.5 I/min, with an acetylene to argon flow ratio (fuel dilution)
of approximately 0.6. Sustaining dilution ratios of less than 0.6 was difficult, as the torch
became unstable, with flame lifting leading to flame extinction.
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Figure 2. Schematic diagram of the diffusion flame deposition process. Note that the
silicon wafer is free standing as a result of the reduced heat load.

The flame generated was blue to green in appearance, with little or no yellow emission
that is characteristic of the onset of sooting in acetylene flames. Although the temperature
of the flame was not measured, the fact that a free standing wafer can be positioned
approximately 1 cm above the nozzle without damage or significant heating above 1200K
indicates that the flame temperature is substantially less than that of the premixed flame at
comparable flow rates. This is not surprising, as it is well known that in premixed flames, a
vast amount of the heat is released within the primary flame zone. In our case here,
essentially all the heat is released at the diffusion flame zone, and the adiabatic flame
temperature is expected to be significantly lower than that of a stoichiometric premixed
flame due to the significant argon dilution. The brightness temperature of the substrate as
measured by optical pyrometry, indicated a substantial radial variation. As expected, the
temperature was a maximum (approximately 1200K at the location where the diffusion
flame intersected the silicon substrate. Temperatures near the center of the deposit were to
low too measure by this procedure.

Run durations of 15 minutes resulted in deposit morphologies that are qualitatively
similar to what was observed with premixed flames [10], with one exception; thin (- 5 gim
thick) semi-transparent film was deposited within a 2 mm diameter region at the deposit
center. We shall refer to this region in the following discussion as region I. The film in this
region has no distinct features when viewed under an electron microscope. This region is
surrounded by a darker ring (region II) approximately 500 pim wide that is grey in
appearance. Region H corresponds to the location of the intersection of the diffusion flame
with the substrate surface. The film in both region I and region II often delaminated from
the substrate surface upon cooling, suggesting a substantial difference in thermal expansion
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between it and the silicon substrate. At this point, it is difficult to say wether the films are
in tension or compression prior to delamination.

Distinctly faceted diamond crystals are found to grow in the outer portion of this ring
within a narrow region approximately 50-100 pm wide (region 111). A scanning electron
microscope (SEM) image of the transition from region n to region III is displayed in
Figure 3. This sample was intentionally not coated with gold film in SEM preparation in
order to illustrate the transition from poorly conducting to well insulating crystals, evident
from the charging of the crystals in moving from region II to region Ill.

0

.0

0 0 DFigure 3. SEM photograph of
-0'1 the deposit showing the",] 0 C boundary between region II

S 0 "(predominantly amorphous
carbon) and region III

L []  (diamond).

DISCUSSION

The structure and nature of the film deposited in regions I and H is yet to be
determined. Raman analysis of the carbon film deposited within these regions indicate a
structure very similar to that observed by Howard et al [171, in the synthesis of diamond
powder via plasma enhanced combustion of oxygen-acetylene mixtures. Representative
Raman scans for the two regions are displayed in Figures 4a and 4b. The broad (- 80 cm-'
wide) peak very near the expected location of the Raman shift associated with the first
order principal phonon mode in natural diamond (1332 cm") has been interpreted as
representing disordered sp2 bonding [18]. This interpretation is based on the similarity
between the observed spectra from regions I and U, and the spectra of three-coordinated
amorphous and diamond-like carbon. This result is not surprising, in that the region in the
gas phase immediately above region I on the surface is expected to be starved of atomic
and molecular oxygen. It is likely to consist of primarily acetylene and argon, with some
reaction products and intermediates (i.e., OH, H20, CO etc.) resulting from species
diffusion from the diffusion flame zone. Most of the reactive intermediates likely to
participate in diamond growth will be produced at this diffusion flame zone. The OH and
(perhaps H) radicals are expected to play a major role in the etching of graphite and non-
diamond carbon [19], and possibly in diamond growth itself. The transition between region
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Figure 4. Raman spectrum of (a) deposit in region I and (b) deposit in region H

4



II and region ll is interpreted as resulting from the transition between OH production via
the reaction 0 2(diff) + H -> OH + 0, and OH consumption via C2H2 (fuel) + OH -> C2H +
H20, in the adjacent gas phase environment. A number of intermediate reactions will take
place to further oxidize the hydrocarbon fragments and replenish the atomic hydrogen pool.

CONCLUSIONS

Confirmation that diamond particles can be synthesized in a conventional diffusion
flame allows us to go back and reinterpret the results of Oakes et al [13]. In that work, they
investigated the spatial nature of the carbon deposited in a premixed oxygen-acetylene
flame, and the sensitivity of the observed Raman peak at 1332 cm4 (relative to the peak at
1580 cm") to hydrogen addition. They found that although hydrogen addition to the flame
dramatically improved the "quality" of the diamond at the center of the deposit, it made
little difference to the quality of the deposit in the annular ring. This is consistent with our
evidence that the annular ring so often observed in flame deposited diamond is due to
reactive species transport from the diffusion flame zone. Any increase in atomic hydrogen
in the post prniary flame resulting from hydrogen addition to the oxygen-acetylene
mixture, is likely to be small in comparison to the OH and H radicals produced as
intermediates in the diffusion flame zone. The fact that hydrogen addition nonetheless does
have an effect on the structure of the deposit near the flame axis, suggests that the overall
deposit is a result of two processes : (i) reactive species transport from the primary flame
zone, and (ii) transport from the diffusion flame zone. Definitive experiments to evaluate
the actual contribution from the primary flame can be performed by studies of diamond
growth with a premixed oxygen-acetylene flame in an inert environment.
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